Laser ablation has been used to grow silicon nanowires with an average silicon crystal core diameter of 6.7 nmϮ2.9 nm surrounded by an amorphous SiO x sheath of 1-2 nm, the smallest silicon wires reported in the literature. Imaging, chemical, and structural analysis of these wires are reported. Due to the growth temperature and the presence of calcium impurities and trace oxygen, two distinct types of wires are found. They appear to grow by two different processes. One requires a metal catalyst, the other is catalyzed by oxygen. Suggestions for controlled synthesis based on these growth mechanisms are made.
Over the past ten years, interest has grown in onedimensional nanostructures. These have the potential to answer fundamental questions about the effects of dimensionality and size on electrical, optical, and mechanical properties. 1, 2 The controllable electronic properties of silicon nanowires due to quantum confinement and high aspect ratios make them a leading candidate for applications. [3] [4] [5] [6] In this letter we report the structural and chemical characterization of small-diameter silicon nanowires. This analysis is used to understand their growth mechanism, the first step towards controlled growth and possible applications.
Nanowire material was prepared using the pulsed laser vaporization ͑PLV͒ technique. [7] [8] [9] [10] A mixture of Si ͑90 at. %͒ and Fe ͑10 at. %͒ powders were hot pressed into a disk 12 mm in diameter and 8 mm thick. This target was placed in the center of a 25 mm diameter quartz tube which could be heated to 1100°C in a three-zone tube furnace. During growth, preheated argon flowed down the tube at a rate of 100 sccm at 500 Torr. A Nd:YAG laser ͑Model SL803, Spectron Laser Systems͒ with 1064 nm ͑850 mJ/pulse͒, and 532 nm ͑350 mJ/pulse͒ at 10 Hz repetition rate was used to ablate the target by rastering the beam with a motorized lens. The 1064 nm pulse was delayed by 50 ns relative to the 532 nm pulse. The argon gas reversed the flow of the Si/Fe vapor. Nanowire material was found deposited on the walls of the tube for a distance of up to 10 cm behind the target. For microscopy studies, the nanowire material was sonicated and dispersed in ethanol.
Imaging and analysis was performed on a JEOL 2010F transmission electron microscope. One drop of nanowire suspension was placed on a holey carbon grid. We found and studied two types of nanowires; isolated longer nanowires which have few attached nanoparticles, and clustered shorter wires connected by many nanoparticles, forming nanochains ͑Fig. 1͒. Many wires are 5-10 m long and are reasonably straight. Other 5-10 m long wires twist and turn in random directions, some forming 360°loops with diameters as small as 100 nm ͓Fig. 1͑b͔͒, placing the silicon under tremendous strain. Future work will determine the growth process by which the loops form and the mechanism by which strain is relieved. Many of the densely packed areas consist of multiply entangled nanochains comprised of nanoparticles connected by short silicon nanowires ranging in length from 50 to 500 nm; often each segment was less than 100 nm long. APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 15 7 OCTOBER 2002 Chemical analysis was performed with energy dispersive spectroscopy ͑EDS͒ in scanning transmission electron microscopy ͑STEM͒ mode. The nanowires contained silicon and oxygen, suggesting a silicon core surrounded by a SiO x sheath. The particles which had been assumed to be FeSi x showed the greatest variety in chemical composition. Only two of 75 nanoparticles analyzed contained iron; these were found at one end of longer nanowires. Many of the nanoparticles showed a significant amount of Ca ͓Fig. 1͑d͔͒. Ca-Si particles were observed at the end of longer nanowires: nanochains also contained many midchain Si-Ca nanoparticles. Calcium was not intentionally introduced into the growth system. The balls used to mill and mix the Fe and Si powders were found to be the source of Ca contamination. Nanoparticles which contained only Si and O were also found as part of the nanochains.
The morphology and chemical analysis suggest that these nanowires were grown by two separate mechanisms. The 5-10 m long straight nanowires appear to grow via the vapor-liquid-solid mechanism ͑VLS͒ ͓Fig. 2͑a͔͒. 7, 11 These nucleate at a single liquid nanoparticle ͑Si-Fe or Si-Ca͒ and grow undisrupted for 5-10 m. Growth is expected to terminate when the catalyst particle solidifies. Ca-Si has a lower eutectic temperature of 1030°C ͑61.4 wt % Si͒ compared to 1207°C for Fe-Si ͑58.2 wt % Si͒. This may favor growth by Ca catalysis at the growth temperature of 1100°C. Catalysis by nanoscale Fe particles would still be possible because the melting point of FeSi 2 would be considerably reduced. 7 The VLS model cannot explain the growth of nanochains, since it is unlikely that they result from multiple wires randomly growing into one another. Furthermore, the VLS model provides no explanation for the formation of SiO x nanoparticles at the root of the growing wire. A wire of crystalline silicon surrounded by an amorphous SiO 2 sheath is then formed, and SiO x and Si vapor continue to fall on the tip of the nanowire. Decomposition leads to nanowire growth which is restricted to one direction by the SiO 2 sheath. The Si often crystallizes in a growth direction which is not energetically favorable. Another inhibitor of ͗III͘ VLS nanowire growth is the existence of Ca in the SiO x vapor. Si and O build up around either the nanowire attempting to grow in an unfavorable direction, or the Ca impurity. This causes the formation of a large spherical particle, as observed in the nanochains. Additional SiO x vapor impinges on the particles, and Si begins to crystallize in a favorable direction, allowing a nanowire to nucleate from the particle. We propose that the 1100°C target temperature permits growth by both VLS and oxide-assisted mechanisms to occur simultaneously, and that the two mechanisms produce the two distinct types of wires found in the sample: 5-10 m long nanowires and nanochains. The measured temperature gradient in the furnace is consistent with the possibility that locations within 10 cm of the target are at 1070°C which would allow for nucleation of silicon nanowires by the oxide assisted growth mechanism. 9 Areas closer to the target would be at temperatures optimal for VLS growth catalyzed by CaSi x , and possibly also by FeSi x , near 1100°C ͑if the melting point is depressed by the small particle size͒.
High resolution TEM revealed several other features in the nanowires ͑Fig. 3͒. Crystalline Si is surrounded by an amorphous sheath of SiO x . The spacing between the lattice fringes in the core of the nanowire is 3.1 Å, signifying that they are Si ͕111͖ planes. These are oriented perpendicular to the nanowire axis indicating a ͗111͘ growth direction. High resolution TEM images also show nanowires whose ͕111͖ planes are oriented at angles of 60°-70°to the growth di- rection (30°-20°to the perpendicular͒. This suggests a ͗211͘ growth direction because the ͓211͔ and ͓111͔ directions are 19.47°apart.
Electron diffraction was performed to confirm the growth directions of 5-10 m wires and nanochains ͑Fig. 3͒. The electron beam was incident normal to the wire axis. Most of the long wires grow in the ͗111͘ direction, suggesting that the VLS mechanism favors this growth mode. The interface between the Si crystal and Fe-Si or Ca-Si liquid nanoparticle may favor the high density, low energy ͕111͖ planes. 15 Nanochains were found to grow in both ͗111͘ and ͗211͘ directions, suggesting that oxide-assisted growth does not strongly favor any particular growth direction. The growth interface between the crystalline Si and the SiO x may be more chemically stable than the interface in VLS growth, allowing for a variety of growth directions.
Changes to the growth procedure can now be suggested, in order to produce a more homogeneous product. Raising the target temperature to 1300°C ͑necessitating a ceramic tube instead of the quartz tube͒ would favor VLS growth relative to the oxide-assisted growth mechanism. This temperature would ensure thermodynamic equilibrium between solid Si and Si-Fe liquid (TϾ1207°C) which is required for VLS growth. Lower growth temperatures may be used if the melting points of FeSi 2 nanoparticles are significantly lowered by size effects. A more rigorous removal of oxygen would further eliminate growth by the oxide assisted growth mechanism unless surface oxides in the target can play a significant role. It is worth noting that the observed oxide thickness on the nanowires is comparable to that of the native oxide which grows upon exposure of clean Si surfaces to air. Eliminating the calcium impurity in the target will cause all VLS grown wires to be catalyzed by Fe-Si particles.
In summary, we reported the imaging and structural analysis of the smallest diameter silicon nanowires reported, produced by laser vaporization of Si ͑90%͒-Fe ͑10%͒ targets. The chemical and structural properties of the silicon nanowires dictate that the wires are grown by two distinct growth mechanisms, which were both possible due to growth conditions. The two growth mechanisms produce wires with different morphologies that exhibit different crystallographic growth directions and stem from nanoparticles with different chemical compositions. Suggestions to facilitate the controlled growth of silicon nanowires have been made.
